INTRODUCTION

A
pical periodontitis is an inflammatory disease affecting the tissues surrounding the root end of a tooth and is caused by root canal (endodontic) infection. The disease can manifest itself in different clinical ways, including the development of an acute abscess (1) . The factors influencing the development of the acute form of the disease have been the subject of continuous interest (2) (3) (4) . A recurrent theme in this regard is the association of certain bacterial species with clinical signs and symptoms. However, the search for a single or even a small group of species to be considered the major pathogen involved with acute endodontic infections has proven fruitless. Recent studies in the fields of molecular and cellular microbiology and immunology have provided information to implicate a multitude of factors in the pathogenesis of symptomatic apical periodontitis, including its most severe form, the acute apical abscess. Understanding the factors that make a chronic asymptomatic endodontic infection evolve to an acute abscess, sometimes with severe complications, may help establish better strategies to prevent and deal with these conditions. This review focuses on the microbiology and treatment of acute apical abscesses and how the disease development is influenced by hostrelated factors. Future directions in research and therapeutic approaches to deal with this disease are also discussed.
THE DISEASE PROCESS
An abscess consists of a collection of pus into a cavity formed by tissue liquefaction. The terms dental abscess, dentoalveolar abscess, and odontogenic abscess are often used synonymously to describe abscesses formed in the tissues around the tooth. The cause may be an endodontic infection (acute apical abscess) or a periodontal infection (periodontal abscess and pericoronitis). The acute apical abscess is the most common form of dental abscesses and is the subject of this review.
Endodontic infection develops only in root canals of teeth devoid of a vital pulp. This may be due to necrosis of the dental pulp as a consequence of caries or trauma to the tooth or to removal of the pulp tissue for previous root canal treatment. Once the infection is established in the root canal, bacteria may contact the periradicular tissues via apical and lateral foramina or root perforations and induce a chronic or acute inflammatory response (5) . The chronic response is usually asymptomatic and almost invariably leads to bone resorption around the root apex, which is the typical radiographic feature of apical periodontitis. Acute periradicular inflammation in turn usually gives rise to signs and/or symptoms, including pain and swelling. The acute (symptomatic) process may develop without previous chronic inflammation or may be the result of exacerbation of a previously chronic asymptomatic lesion. It has been estimated that the incidence of exacerbations of apical periodontitis (i.e., asymptomatic lesions becoming symptomatic) is about 5% per year (6) .
The acute abscess can be regarded as an advanced stage of the symptomatic form of apical periodontitis. In acute endodontic infections, not only are the involved bacteria located in the root canal, but they invade the periradicular tissues and have the potential to spread to other anatomical spaces of head and neck to form a cellulitis or phlegmon, which is a disseminating diffuse inflammatory process with pus formation (7) .
Clinically, the patient with acute apical abscess experiences mild to severe pain and swelling (Fig. 1) . Trismus may occur. Systemic manifestations may also develop, including fever, lymphadenopathy, malaise, headache, and nausea. Because the acute reaction to endodontic infection may develop very quickly, the involved tooth may not show radiographic evidence of periradicular bone destruction. When a periradicular radiolucency is radiographically observed, the abscess is usually the result of exacerbation of a previous chronic asymptomatic condition (Fig. 1) . In most cases, the tooth is extremely sensitive to percussion.
The purulent exudate formed in response to root canal infection spreads through the medullary bone to perforate the cortical bone and discharge into the submucous or subcutaneous soft tissue. In many cases, swelling develops only intraorally (8) . In the maxilla, acute apical abscesses drain through the buccal or palatal bone into the oral cavity or occasionally into the maxillary sinus or the nasal cavity. Apical abscesses of mandibular teeth may drain through the buccal or lingual bone into the oral cavity. However, the infectious process may also extend into fascial spaces of the head and neck and result in cellulitis and systemic signs and symptoms, with consequent complications.
Complications Stemming from Acute Apical Abscesses
Almost 60% of all nontraumatic dental emergencies are associated with acute apical abscesses and toothaches (9) . Acute dental abscesses have been reported to cause severe complications and even mortality (10) (11) (12) . Mortality is more likely a result of sepsis or airway obstruction (13, 14) , but death due to a spreading infection leading to massive hemorrhage from the subclavian vein into the pleural cavity has been reported (10) . The spread of bacteria from endodontic abscesses to other tissues may give rise to fascial plane infections (15) . The most commonly affected fascial spaces are the sublingual, submandibular, buccal and pterygomandibular spaces, but others such as the temporal, masseteric, lateral pharyngeal, and retropharyngeal spaces can be occasionally involved (8) .
The spread of infections of endodontic origin into the fascial spaces of the head and neck is determined by the location of the root end of the involved tooth in relation to its overlying buccal or lingual cortical plate, the thickness of the overlying bone, and the relationship of the apex to the attachment of a muscle. For example, if a mandibular molar is affected and its root apices lie closer to the lingual cortical plate and above the attachment of the mylohyoid muscle, the purulent exudate can break through the lingual cortical plate into the sublingual space. If the root apices instead lie below the attachment of the mylohyoid muscle, the infection can spread into the submandibular space. If infection affects the sublingual and submandibular spaces bilaterally as well as the submental space, a condition known as Ludwig's angina is diagnosed. Swelling from Ludwig's angina can give rise to difficulty breathing and potentially lethal airway obstruction (16) (17) (18) .
Another example of abscess complications involves infections of the midface, which can be very dangerous and result in cavernous sinus thrombosis. This is also a life-threatening infection, in which a thrombus formed in the cavernous sinus breaks free and leads to spread of the infection. Under normal conditions, the angular and ophthalmic veins and the pterygoid plexus of veins flow into the facial and external jugular veins. If an infection has spread into the midfacial area, however, edema and the resultant increased pressure cause the blood to back up into the cavernous sinus. Once in the sinus, the blood can stagnate and clot. The resultant infected thrombi remain in the cavernous sinus or escape into the circulation (19, 20) .
Other reported complications of disseminating dental infections include brain abscess (21) (22) (23) (24) , septicemia in a patient with multiple myeloma (25) , deep neck infection (26, 27) , mediastinitis (14, (28) (29) (30) , necrotizing fasciitis (31) (32) (33) , orbital abscess (34) (35) (36) , and cervical spondylodiscitis with spinal epidural abscess (37) . It has been suggested that some host-related factors may contribute toward increased morbidity and mortality associated with acute dental abscesses, including diabetes, chronic alcohol and tobacco consumption, malnourishment, and the use of illicit substances (26, 27, 33) .
Complications of dental abscesses can be severe enough to require hospitalization. A large number of hospitalizations due to oral abscesses/cellulitis with a resulting substantial economic burden have been recorded (38) . For instance, in 2007, 7,886 hospitalizations were attributed primarily to abscesses of endodontic origin, with total hospital charges on the order of $100 million (39).
MICROBIOLOGY OF ACUTE APICAL ABSCESSES
Microbiology Diagnostic Methods
Culture. Culture methods have been traditionally used to investigate the microbiota of acute apical abscesses and have provided a substantial body of information about the bacterial etiology and the species involved. However, some important limitations of culture make it difficult to achieve a comprehensive analysis of the apical abscess microbiota. Because anaerobic bacteria are dominant in apical abscesses (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) , samples for research or clinical diagnosis using culture should be collected and transported to the laboratory under conditions that favor the survival of these bacteria. The laboratory that will analyze the samples has to be properly prepared and equipped to isolate, cultivate, and identify anaerobes. The procedures for isolation and identification can be laborious and time-consuming, and many anaerobic species may require multiple phenotype-based tests for reliable identification (50) .
More important, the difficulties in culturing a large number of oral bacteria or even in identifying many species are of special concern (51). As early estimated by correlative microscopic and culturing analyses (52) and further elegantly demonstrated and specified by molecular biology techniques (53) (54) (55) (56) (57) (58) , 40% to 70% of the oral bacterial species remain to be cultivated and phenotypically characterized. The most possible reasons for the fact that a large number of oral bacteria still have to be cultivated include (i) lack of essential nutrients or growth factors in the culture medium, (ii) overfeeding conditions during cultivation, (iii) toxicity of the culture medium itself, (iv) inhibition by other species present in the sample, (v) metabolic dependence on other species, (vi) disruption of natural bacterial quorum-sensing systems, and (vii) cells in a "viable-but-noncultivable" state (51, 59, 60) . Efforts have been expended toward the development of approaches that allow cultivation of as-yet-uncultivated bacteria (61) (62) (63) (64) . This is of great importance for description of novel species and study of their ecological and pathogenic potential, as well as the patterns of susceptibility to antimicrobial drugs.
Successful cultivation does not ensure successful identification. Culture-dependent identification is based on phenotypic traits reported for reference strains, with predictable biochemical and physical properties under optimal growth conditions. However, there are several phenotype-related factors that can lead to difficulties in identification and even to misidentification. They include (i) strains of the same species showing a divergent phenotypic behavior (65, 66) , (ii) strains of different species showing a convergent phenotypic behavior (51, 65) , (iii) an altered phenotype in response to conditions such as stress (67, 68) , (iv) strains showing different results after repeated tests (69), (v) incomplete databases not including newly named species and as-yet-uncharacterized species, (vi) the fact that even small alterations in the assay may lead to false results (70) , and (vii) the fact that test results rely on individual interpretation and expertise (70) .
Molecular methods. Tools and procedures based on molecular biology have become available to sidestep the limitations of culture and have been substantially improved to achieve a more realistic description of the microbial communities of different environments without the need for cultivation. One gene that has been widely used for rapid identification of known and unknown bacterial species is the one encoding the 16S rRNA (71) . There are a myriad of molecular methods for the study of bacteria in abscess samples, and the choice of a particular approach depends on the questions to be answered. Molecular methods for diagnostic microbiology can be used for specific detection of target species (species-specific or closed-ended analysis), identification of all or the most dominant species in a sample (broad-range or open-ended analysis), or profiling of the microbial community structure (community analysis) (72) . Broad-range PCR followed by cloning and sequencing and more recently the massive parallel 454 pyrosequencing approach can be used to unravel the breadth of bacterial diversity in a site. DNA hybridization arrays (e.g., checkerboard arrays and microarrays), species-specific PCR, nested PCR, multiplex PCR, and quantitative real-time PCR can be used to survey large numbers of samples for the presence of target species. Bacterial community structures can be analyzed via the pyrosequencing technology and by fingerprinting techniques, such as the denaturing gradient gel electrophoresis (DGGE) and terminal restriction fragment length polymorphism (T-RFLP) assays. As with any other technology, molecular methods have their own limitations. However, variations in virtually every technique have emerged to circumvent or minimize limitations, or sometimes more than one approach is required for reliable information to be obtained.
The chronology of the microbiological study of acute apical abscesses can be didactically divided into five generations of studies based on different strategic diagnostic approaches (73) . The first generation involves studies of the abscess microbiota conducted using open-ended (or broad-range) culture methods, which disclosed many cultivable species in association with the disease (41) (42) (43) (44) (45) (46) (47) (48) (49) . The second generation consisted of studies employing closed-ended molecular detection methods, such as species-specific PCR and its derivatives as well as the original checkerboard hybridization assay, to target cultivable bacteria (74) (75) (76) (77) (78) (79) (80) (81) (82) . These methods allowed the inclusion of some difficult-to-culture species in the set of candidate abscess pathogens. Next, a third generation of studies adopted open-ended molecular methods, such as broad-range PCR followed by cloning and sequencing or T-RFLP, which allowed an even more comprehensive investigation of the bacterial diversity in abscesses (83) (84) (85) (86) (87) . By these approaches, not only cultivable species but also as-yet-uncultivated and uncharacterized bacteria have been identified. Technical hurdles make it difficult to analyze a large number of samples by cloning and sequencing, but cataloguing bacterial species in the oral cavity by this approach provided 16S rRNA gene sequence data that could be used to design primers or oligonucleotide probes to target both cultivable and as-yet-uncultivated bacteria. The fourth generation of studies involved closed-ended molecular analyses with PCR and DNA hybridization assays (e.g., reversecapture checkerboard) in large-scale clinical studies to investigate the prevalence and association of cultivable and as-yet-uncultivated bacteria with abscesses (88) (89) (90) . A fifth generation has been possibly heralded by the use of pyrosequencing technology for a deep-coverage open-ended analysis of abscess samples (91, 92) (see below).
In general, culture analyses of abscesses resulted in the establishment of a set of species thought to play an important role in the pathogenesis of the disease. Not only have molecular methods confirmed and even strengthened the association of many cultivable bacterial species with abscesses, but they also revealed new suspected pathogens (93) . The list of candidate pathogens has expanded to include difficult-to-culture species or even as-yetuncultivated bacteria that had never been previously found in abscesses by culturing approaches (Fig. 2) . Consequently, the microbiota of apical abscesses has been refined and redefined by molecular methods (93) . Although molecular methods have been widely used for research purposes, they still have yet to be implemented for clinical diagnosis. There is a great potential for these methods to be used for rapid identification of potential pathogens concomitantly with specific antibiotic susceptibility, which would allow immediate and more appropriate patient care with possibly reduced morbidity or mortality (87, 94) . This application will be further discussed in the section Future Directions.
Microbial Diversity in Acute Apical Abscesses
Samples for microbiological analyses of abscesses can be taken either from the root canals of affected teeth or by aspiration of the purulent exudate from the swollen mucosa/skin. Culture and molecular microbiology studies have clearly demonstrated that the apical abscess microbiota is mixed and conspicuously dominated by anaerobic bacteria (42, 43, 49, 83, 87, (95) (96) . Table 1 provides a compilation of the main microbiological findings from most of these studies. It is noteworthy that while some bacterial species or groups are reported in many studies, the most prevalent species vary from study to study.
At a broader taxonomic level, the large majority of the frequently detected bacterial species belong to seven different bacterial phyla, namely, the Firmicutes (e.g., genera Streptococcus, Dialister, Filifactor, and Pseudoramibacter), Bacteroidetes (e.g., genera Porphyromonas, Prevotella, and Tannerella), Fusobacteria (e.g., genera Fusobacterium and Leptotrichia), Actinobacteria (e.g., genera Actinomyces and Propionibacterium), Spirochaetes (e.g., genus Treponema), Synergistetes (e.g., genus Pyramidobacter and some as-yet-uncultivated phylotypes), and Proteobacteria (e.g., genera Campylobacter and Eikenella) (Fig. 2) . Regardless of the study and method of identification, the phyla Firmicutes and Bacteroidetes together contribute to more than 70% of the species found in abscesses (Fig. 3) . Representatives of Spirochaetes and Synergistetes have been revealed only by culture-independent molecular methods (Fig. 3) . Diverse groups of Gram-negative and Gram-positive bacteria have been identified, and the most frequent genera and species identified in abscesses and regarded as putative pathogens are described next. The fact that many genera have undergone reclassifications over the years makes interpretation of "old" studies difficult, especially when identifications were restricted to the genus level.
Gram-negative bacteria. Dark-pigmented anaerobic bacteria have been closely associated with acute symptoms of endodontic infections, including abscesses (41, 47, (96) (97) (98) (99) (100) . Two culture studies (42, 101) found that virtually all abscesses of endodontic origin harbored one or more species of this group. Dark-pigmented anaerobic bacteria are usually found in mixed infection, which may be required for their optimal growth and contributes to a significant increase in their pathogenicity (102) (103) (104) (105) (106) . This bacterial group comprises two genera: Prevotella (containing saccharolytic species) and Porphyromonas (containing asaccharolytic species). The genus Prevotella also includes some nonpigmented species. The Prevotella species frequently found in apical abscess samples include P. intermedia, P. nigrescens, P. baroniae, and P. oris, and in most studies they are among the most prevalent and/or dominant species (40, 42, 43, 75, 83, 86, 87, 101, 107) . Of the Porphyromonas species, P. endodontalis was first isolated from endodontic infections (108) and has been consistently encountered in abscess samples, with increased prevalence in molecular studies (42, 77, 90, 101, 109, 110) . Porphyromonas gingivalis is one of the most important periodontal pathogens (111, 112) and has also been detected in association with endodontic abscesses (74, 77, 101, 113) . P. gingivalis fimA genotype variants II, III, and IV and type I have been reported in abscess aspirates (114) .
Fusobacterium nucleatum is an anaerobic spindle-shaped rod that is one of the most commonly detected Gram-negative species in the large majority of culture and molecular studies of acute apical abscesses (40, 45, 85, 90) , reaching prevalence values as high as approximately 70% (42, 75) or even 86% (83) of the samples. This species induces severe abscess lesions in animals in both pure and mixed cultures (115) (116) (117) (118) . Four subspecies (F. nucleatum subsp. nucleatum, F. nucleatum subsp. polymorphum, F. nucleatum subsp. vincentii, and F. nucleatum subsp. animalis) have been identified in apical abscesses (74, 86) , but the frequency of each one has yet to be accurately determined. The species Fusobacterium periodonticum has also been detected in abscess aspirates by a study using the checkerboard hybridization assay (74) .
In a seminal study of endodontic infections published in 1894 (119), Willoughby Dayton Miller suggested that spirochetes could play a role in the etiology of abscesses. Nevertheless, it was not until the introduction of molecular methods in endodontic microbiology research that the potential involvement of spirochetes with this disease was confirmed. Oral spirochetes fall within the genus Treponema and have been linked to several oral diseases (120) (121) (122) (123) . Molecular methods have revealed the occurrence of treponemes in 61% to 89% of endodontic abscess samples (79, 80) . Of the 10 cultivable and validly named oral Treponema species, the asaccharolytic species T. denticola and T. medium as well as the saccharolytic species T. socranskii and T. maltophilum have been most frequently detected (80, 109, 124) , with prevalence values in studies using species-specific nested PCR of up to 75% for T. socranskii (125) and 79% for T. denticola (79) . Oral treponemes have been demonstrated to induce abscesses and disseminating infections when inoculated in animals (126) (127) (128) .
Association of other Gram-negative bacterial species with abscesses has also been suggested based on molecular studies. One example is Tannerella forsythia, a fastidious obligate anaerobic rod, which is an important periodontal pathogen and was never previously detected in apical abscesses by culture (74, 78, 90, 109) .
Another example of bacteria that have been consistently detected in apical abscesses only after the advent of molecular methods is the asaccharolytic anaerobic Gram-negative Dialister species, especially D. pneumosintes and D. invisus (76, 83, 86, 88) .
Other Gram-negative bacteria that have been detected in abscessed samples in some culture or molecular studies include Campylobacter spp. (42) , Catonella morbi (129), Veillonella parvula (48, 130) , and Eikenella corrodens (90, 130) .
Gram-positive bacteria. Several Gram-positive bacteria have also been frequently detected in acute apical abscesses by culture and molecular methods. Along with the Gram-negative bacteria of the genera Prevotella, Porphyromonas, and Fusobacterium, Gram-positive cocci, specifically peptostreptococci and streptococci, comprise the most prevalent bacteria in most studies. Pep- tostreptococci have been subjected to several recent taxonomic reclassifications, and new genera have emerged, such as Parvimonas and Anaerococcus. Parvimonas micra (formerly Peptostreptococcus micros) is an asaccharolytic anaerobic small coccus that has been isolated from or detected in a high number of apical abscess samples (40, 42, 44, 45, 49, 83, 90) , reaching up to 78% of the cases (86) . This species has been revealed to be pathogenic in animal studies, especially in mixed infections (115, 116, 131, 132) . The predominant streptococci associated with abscesses belong to the Streptococcus anginosus group (also referred to as the "S. milleri" group in some studies) (40, 41, 43, 48, 49, 74, 133) . This group is composed of the microaerophilic or anaerobic species S. anginosus, S. constellatus, and S. intermedius, which have been shown to cause purulent infections in animal models (104, 115, 117, 134, 135) . Members of the S. anginosus group have been often reported in a variety of abscesses in other body sites (94, 136, 137) . Other Gram-positive bacteria that have also been detected in apical abscesses included Filifactor alocis (78, 89, 90, (138) (139) , Actinomyces species (44, 90, 140) , Pseudoramibacter alactolyticus (42, 90) , Olsenella uli (88, 90) , Mogibacterium timidum (42) , Granulicatella adiacens (88) , Eubacterium species (E. brachy and E. infirmum) (86, 90) , Gemella morbillorum (49) , and anaerobic lactobacilli (42) .
As-yet-uncultivated phylotypes. In 1894, Miller (119) wrote, "It must strike every one that the results of the culture experiments do not tally with those of the microscopical examination. While a careful microscopical examination of the diseased pulp almost invariably revealed a mixed infection, the pure cultures show, in the majority of cases, either only cocci or only bacilli." One of Miller's possible explanations for this finding was that "many species of bacteria occurring in the diseased pulp, vibriones, spirochaetes, the stiff pointed bacilli and threads, have not been found cultivable on artificial media anyway; and possibly there are still other uncultivable pulp-bacteria." The development of methods for anaerobic cultivation showed that the bacterial diversity in endodontic infections was underestimated by previous culture studies by excluding a high number of species that compose the largest proportion of the bacterial community in these infections. Further breakthroughs in microbial identification represented by molecular technologies revealed that even advances in anaerobic culturing left a large proportion of the microbiota undisclosed.
Indeed, molecular investigations of the bacteria involved in abscesses unveiled a far more complex picture than anticipated by culture studies. Noteworthy is the common occurrence of as-yetuncultivated bacterial phylotypes, which can be regarded as species-level bacteria known only by a 16S rRNA gene sequence. Open-ended molecular analysis of acute apical abscesses revealed that, in terms of richness, as-yet-uncultivated phylotypes encompass approximately 24% to 46% of the taxa found (83, 86) , while in terms of abundance, they collectively represent from 6% to more than 30% of the clones sequenced (83, 87) .
Several of the as-yet-uncultivated phylotypes are suspected pathogens based on association data. For instance, a phylotype of the Bacteroidetes phylum known as oral clone X083 has been found in 14% to 36% of apical abscess aspirates (90, 107) . Oral Synergistetes phylotypes, which had been originally assigned to the Flexistipes or Deferribacteres groups, are another example of asyet-uncultivated bacteria that have been frequently encountered in abscesses (88) (89) (90) . The great majority of Synergistetes bacteria remain uncultivated (141) , and this can be the primary reason for the fact that their presence in abscesses has been overlooked by culture studies. Some Synergistetes phylotypes have been cultivated and given a species name; one of them, Pyramidobacter piscolens (previously oral clone BA121), is probably the most prevalent representative of the Synergistetes phylum in abscess cases (88) (89) (90) . Phylotypes from the family Lachnospiraceae or the genera Eubacterium, Megasphaera, Leptotrichia, Oribacterium, Peptostreptococcus, Prevotella, Selenomonas, and Solobacterium have been disclosed in pus samples from apical abscesses (83, 86, 87) . There is no reason to believe that these previously unrecognized and overlooked bacteria do not play a role in the pathogenesis of the disease.
Pyrosequencing analysis of abscess samples. Advances in DNA sequencing technologies and computational biology have substantially enhanced molecular phylogenetic surveys of human-associated microbial communities in health and disease, offering a great depth of coverage at a very high analytical speed (142, 143) . The 454 pyrosequencing method is one of these advanced DNA sequencing techniques that has been widely used in medical microbiology. This technology is a sequencing-by-synthesis method that involves a combination of emulsion PCR and pyrosequencing. Pyrosequencing relies on the detection of pyrophosphate release and consequent light generation as nucleotides are incorporated in a growing chain of DNA (144, 145) . One of the greatest advantages of the pyrosequencing approach over the conventional Sanger sequencing method is that hundreds of thousands of sequence reads can be obtained in a single run, generating sequence information data that are orders of magnitude larger (146) .
A recent study used 454 pyrosequencing to compare the microbiota of endodontic infections associated with acute abscesses and asymptomatic chronic apical periodontitis, and it found operational taxonomic units (at 3% divergence) belonging to 13 phyla (91) . The most abundant phyla in acute infections were Firmicutes (52%), Fusobacteria (17%), and Bacteroidetes (13%), while the dominant phyla in asymptomatic infections were Firmicutes (59%), Bacteroidetes (14%), and Actinobacteria (10%). Members of Fusobacteria were much more prevalent in acute (89%) than in chronic (50%) infections. Of the 49 genera detected in acute cases, the most abundant were Fusobacterium, Parvimonas, and Peptostreptococcus. Fusobacterium was also the most prevalent, followed by Parvimonas, Dialister, and Atopobium. The bacterial communities in abscesses were significantly more diverse than those in chronic infections, and a pattern related to the presence of symptoms was apparently evident through community analysis. The overall diversity of abscesses as revealed by pyrosequencing was much higher than previously reported. Most of these findings were confirmed by another study using pyrosequencing, which revealed representatives of 11 phyla and Fusobacterium as the most abundant genus (92) .
Bacterial Species and Acute Infections: Is There a Single Culprit?
A matter of intense debate and investigation is why only some selected cases evolve to acute infections with severe symptoms and potential complications. In this context, the desire to find a single species or at least a group of major species that is associated with acute symptoms is an ever recurrent topic in the study of endodontic infections. In his milestone study, Miller (119) was the first one to suggest the involvement of a specific group of bacteria with endodontic symptoms: spirochetes were associated with acute abscesses. However, the first consistent report on the association of a given species with endodontic symptoms came from the classic Ph.D. thesis of Goran Sundqvist (99), who found darkpigmented bacteria (formerly Bacteroides melaninogenicus) in association with acute symptoms. Further culture and molecular studies reported on the association with symptoms of several species, with the most frequent belonging to the genera Porphyromonas, Fusobacterium, Parvimonas, and Prevotella (Table 2) . Nevertheless, these findings have not been consistently confirmed by other studies, because basically the same species can also be found in the root canals of teeth with asymptomatic apical periodontitis in similar prevalences (74, 93, 100, (147) (148) (149) (150) (151) .
A significant limitation of virtually all the microbiological studies of acute endodontic infections is their cross-sectional nature. Restriction is mostly because of obvious ethical reasons and precludes any strong conclusion about involvement of certain species present in a mixed consortium in causation of acute symptoms. As a consequence, only association with symptoms, instead of a cause-and-effect relationship, can be inferred from these human studies. This makes the species associated with acute infection be referred to as "candidate," "suspected," or "putative" pathogens. Animal studies have given some support to the potential role in abscess causation. For instance, the ability to cause purulent infections in animal models strengthens the possible causative role of certain species clinically associated with symptomatic disease. Many candidate endodontic pathogens, alone or in combinations, have been shown to cause abscesses in animal models (104, 105, 116, 126, 152) . One of the main problems with the animal model is that only cultivable bacteria have been tested, either in single culture or in combinations of two or a few species. Thus, any speculation about extension of these results to a clinical condition where there is a network of interacting species (10 or more), including as-yet-uncultivated phylotypes, may lead to oversimplification.
The Community-as-Pathogen Concept
Pathogenicity has traditionally been assumed on the basis of "guilt by association," and some classic diseases, such as tetanus, gonorrhea, cholera, and syphilis, have been determined as having a "single-species etiology." Unlike these diseases, endodontic infections are similar to several other human endogenous infections in that no single pathogen but a set of species, usually organized in multispecies biofilm communities, is involved (83, 99, (153) (154) (155) . Mounting evidence indicates that while there is little specificity as to the involvement of single named species in the etiology of apical periodontitis, specificity becomes more evident when bacterial community profiles are taken into account. This is because while associations of any specific species with any form of apical periodontitis is seldom, if ever, confirmed, the bacterial community profiles seem to follow some patterns related to the different presentations of apical periodontitis (156) .
The concept of the community as pathogen is based on the principle that teamwork is what eventually counts. The behavior of the community and the outcome of the host/bacterial community interaction will depend on the species composing the community and how the myriad of associations that can occur within the community affect and modulate the virulence of involved species. The virulence of a given species is allegedly different when it is in pure culture, in pairs, or as part of a large bacterial "society" (community). In mixed communities, a broad spectrum of relationships may arise between the component species, ranging from no effect (rare) or reduced pathogenicity to additive or synergistic pathogenic effects. Acute apical abscesses are examples of polymicrobial infections whereby bacterial species that individually may have low virulence and are unable to cause disease can do so when in association with others as part of a mixed consortium (pathogenic synergism) (105, 157, 158) . Bacterial community patterns related to acute infections. Bacterial community profiles are essentially determined by species richness and abundance and have been recently investigated in the different types of endodontic infections. Community profiling analyses of the endodontic microbiota have disclosed a great interindividual variability in endodontic communities associated with the same clinical disease (95, 159) ; i.e., no two root canal infections are the same in terms of species richness and abun- dance. This indicates that the etiology of apical periodontitis, including the acute forms, is heterogeneous (95, 160) . Of great interest is that bacterial communities seem to follow a specific pattern according to the clinical condition (e.g., asymptomatic versus symptomatic disease) (95) . Therefore, the severity of apical periodontitis may be related to the overall bacterial community composition. In other words, from the perspective of the single-pathogen concept, apical periodontitis can be considered to be of no specific microbial etiology. However, based on the community-as-pathogen concept, it is possible to infer that some communities are more related to certain forms of the disease, such as abscesses (83, 95) . A challenge that arises from this notion is the need to unravel the specific genotypic and phenotypic characteristics of these abscess-related bacterial communities.
Acute apical abscesses are characterized by a concomitant infection of the root canal and the periradicular tissues, as the latter is an extension of the former. Even so, studies have reported some discrepancies between bacterial community profiles for matched samples taken from the root canal and abscess aspirates (92, 161) . The differences observed suggest that some selection of species occurs as the infection advances from the canal to the periradicular tissues. This "filtering" process is highly likely to be a result of the different environments faced by the infecting bacteria: from a site relatively protected from host defenses (necrotic root canal) to a site with an exuberant acute inflammatory response (highly vascularized periradicular tissues). Moreover, differences in the tissue invasion ability of the involved species may contribute to the selective process of species present in pus aspirates.
Geographic Differences in the Abscess Microbiota
A curious observation when analyzing separate studies performed in different countries is the different prevalences of species involved in abscesses. Variations in microbiological diagnostic methodologies may account for most of these differences, but a geographical variation in bacterial composition cannot be disregarded, as it also occurs for other human body sites (162) (163) (164) . Molecular studies have been conducted to directly compare the bacterial community structures and prevalences of some target species in abscesses from patients residing in different geographic locations. In two studies comparing samples from Portland, OR, and Rio de Janeiro, Brazil (75, 89) , species-specific PCR analyses revealed that there was a significant difference in prevalence between the two geographical locations for P. intermedia, P. nigrescens, Prevotella tannerae, F. nucleatum, and P. gingivalis, all of which more frequent in Portland samples, while T. denticola and T. forsythia were more prevalent in Rio de Janeiro samples. Openended DGGE analysis of the bacterial community profiles in acute apical abscesses from the same two locations also disclosed a geography-related pattern (160) . Several species were exclusive for each location, and others shared by the two locations showed great differences in prevalence. The occurrence of geographical variations was confirmed when comparing abscess samples from Rio de Janeiro and Seoul, South Korea (110). These differences have the potential to translate into relevant therapeutic implications, specifically in cases requiring systemic antibiotic therapy.
THE HOST SIDE OF THE STORY
Given the microbial etiology of apical periodontitis, development of acute symptoms has been traditionally searched for candidate microbial risk factors. Although there is a clear implication of microbiological factors, the possibility certainly exists that hostrelated factors (disease modifiers) can influence the severity of apical periodontitis lesions. Examples of disease modifiers include systemic conditions (e.g., diabetes, herpesvirus infection, stress, autoimmune diseases, and diseases that weaken the immune response) and the genetic background (e.g., gene polymorphism).
Diabetic individuals have been shown to develop complications from abscesses more frequently and to have a longer duration of hospital stay than nondiabetics (27, 33) . Similarly, diabetic patients can exhibit about twice the rate of interappointment exacerbations (flare-ups) following endodontic intervention (165, 166) . Furthermore, diabetic animals develop apical periodontitis lesions that are larger and more severe than those in nondiabetic controls (167) . Type 2 diabetes mellitus has been found to be significantly associated with increased prevalence of apical periodontitis (168, 169) . Although diabetic patients are apparently more prone to develop severe forms of apical periodontitis, no study so far has reported on the prevalence of endodontic abscesses in diabetic individuals.
Potentially, genetic polymorphism is another factor that can make individuals more susceptible to develop acute infections. De Sá et al. (170) investigated the association of acute apical abscesses with polymorphisms in the genes for interleukin-1␤ (IL-1␤), IL-6, IL-10, tumor necrosis factor alpha (TNF-␣), and CD14. Individuals with asymptomatic apical periodontitis, without previous exacerbation, were included as controls. A significant association was observed between the occurrence of the GG genotype or the G allele expression of the IL-6 gene and acute abscesses in women and in individuals younger than 35 years. The G allele is associated with high levels of IL-6 production compared with the C allele (171) . Intermediate-and high-producer IL1B genotypes and lowproducer TNFA genotype also showed some association with abscesses, although not as strong as observed for IL-6. Other studies are needed to confirm and expand these findings to analyze other potential inflammation-related genes.
It has been hypothesized that herpesviruses, especially human cytomegalovirus (HCMV) and Epstein-Barr virus (EBV), may be implicated in the pathogenesis of apical periodontitis as a direct result of virus infection and replication or as a result of virally induced impairment of local host defenses, which might give rise to overgrowth of pathogenic bacteria in the very apical part of the root canal system (172) . Infection by HCMV and EBV has been more frequently observed in symptomatic lesions (173, 174) , and an association has been suggested. However, data related to the occurrence of herpesviruses in acute apical abscesses are rather inconclusive. Chen et al. (175) found herpesviruses in low prevalences and low copy numbers in abscess samples and concluded that herpesviruses may be present but are not required for the development of abscesses and cellulitis of endodontic origin. Ferreira et al. (176) evaluated the presence of human herpesviruses 1 to 8 and human papillomavirus in acute apical abscesses and reported that about 60% of the samples were positive for at least one target virus. Human herpesvirus 8 (HHV-8) occurred at a high prevalence (48%), followed by human papillomavirus (13%) and varicella-zoster virus and HHV-6 (9%). Viral coinfection occurred in some cases. In another study, the same group (109) found positive (but weak) associations between candidate endodontic bacterial pathogens and human viruses in samples from acute apical abscesses. Although these findings may suggest a role for viruses in the etiology of endodontic abscesses, the possibility also exists that the presence of viruses in the purulent exudate is merely a consequence of the bacterially induced inflammatory disease process.
There are many other host-related factors that have the potential to influence the resistance to infection, including age, stress, drug abuse, malnutrition, and other systemic disorders. Future research should focus on these potential candidate disease modifiers and their influence on the development of acute endodontic symptoms.
FACTORS INFLUENCING THE DEVELOPMENT OF ACUTE INFECTION
It has been suggested that although the microbial etiology of abscesses is characterized by low specificity, certain species have been more frequently detected than others and then might be considered more decisive in the outcome of the infectious process (158) . However, based on the discussion above, in addition to the presence of some potentially pathogenic species, a multitude of other factors can be regarded as influential to the development of acute endodontic infections. These factors can be summarized as follows: (i) difference in virulence among clonal types of the same species, (ii) bacterial interactions resulting in collective pathogenicity, (iii) bacterial load, (iv) environment-regulated expression of virulence factors, and (v) host resistance and disease modifiers.
Difference in Virulence among Clonal Types of the Same Species
Clonal types of a given pathogenic bacterial species can significantly diverge in their virulence (177) (178) (179) (180) . A disease attributed to a given species is in fact caused by specific virulent clonal types of that species (181) . Therefore, the possibility exists that the presence of virulent clonal types of candidate endodontic pathogens in the root canal may be a predisposing factor for abscess formation. This would help explain why the same species can be found in both symptomatic and asymptomatic infections. So far, there is no comparative study typing bacterial strains isolated from patients with symptomatic and asymptomatic infections.
Bacterial Interactions Resulting in Collective Pathogenicity
Bacterial combinations contribute to the development of more virulent communities due to synergism (104, 105, 116, 118, 126, 152) . Abscesses are polymicrobial infections for which culture studies have reported a mean number of species ranging from 2 to 8.5 per pus specimen (41-43, 45, 46, 48, 49, 96, 97, 182) , while molecular studies have revealed a mean of 12 to 18 species/phylotypes per case (83, 95) . Findings from pyrosequencing studies suggest that these numbers can be much higher (91, 92) . What has become evident from most studies comparing acute apical abscesses and asymptomatic endodontic infections is that there are different dominant species in the communities, and the former are usually characterized by a significantly higher species richness than that of the latter (83, 91, 95, 159) . Increased diversity may be an important aspect of acute infections and collective pathogenicity, which is expected to be a result of the incalculable synergistic interactions among the community members and summation of virulence factors produced. It has been shown that every component of a polymicrobial infection, even species regarded as avirulent and/or in low numbers in the consortium, may somewhat affect the virulence of other members of the community (183) (184) (185) (186) . Therefore, communication between bacterial community members can alter the production of virulence factors by certain pathogenic species and affect the collective pathogenicity of the consortium (185) .
Indeed, it has been shown that different species combinations may result in different outcomes because of the network of interactions. Rôças et al. (187) compared the prevalences of 50 bacterial species or phylotypes in samples from symptomatic and asymptomatic endodontic infections and found that none of the most prevalent taxa were significantly associated with symptoms; i.e., most species were as prevalent in symptomatic cases as they were in asymptomatic cases. However, cluster analyses revealed that the highly prevalent species formed different partnerships and associations according to the presence of symptoms. For example, D. invisus and P. endodontalis were found in both symptomatic and asymptomatic cases, but their common partners in the former were different from those in the latter. Therefore, the possibility exists that bacterial interactions result in communities that are more or less aggressive and consequently can cause host responses of corresponding intensity.
Bacterial Load
The bacterial load can be a decisive factor in acute disease causation. Here two aspects need to be considered: the total bacterial load (nonspecific load) and the levels of certain species (specific load). Total bacterial loads per abscess case have been reported to range from 10 4 to 10 9 cells (41, 43, 45) . The overall number of bacterial cells in the community, regardless of the species, may be important because it may result in a heavy bioburden to the host, given the concentration of virulence factors released from large masses of bacteria colonizing the canal and invading the periradicular tissues. Clinical approaches such as chemomechanical debridement of the infected dental root canal or tooth extraction and incision of the mucosa/skin for drainage of pus act primarily and in a nonspecific way on the total bacterial load, reducing the infectious bioburden.
As for the second aspect, i.e., the specific load, the possibility exists that the number of cells of a given species found in both symptomatic and asymptomatic infections is larger in the former. For instance, T. forsythia has been detected at significantly higher levels in symptomatic than in asymptomatic endodontic infections (188) . The presence of a potentially virulent pathogen in high counts may increase the virulence of the whole community and lead to symptomatic infection. Although logical, this assumption still has to be confirmed by more studies comparing the total and specific bacterial counts in symptomatic and asymptomatic infections.
Environment-Regulated Expression of Virulence Factors
A virulent clonal type of a given pathogenic species does not always express its virulence factors throughout its lifetime. The environment exerts an important role in inducing the turning on or the turning off of virulence genes (189) (190) (191) (192) . This is a crucial part of the process of bacterial adaptation to the environment and allows for establishment, optimal growth, and survival (193) . Throughout the different stages of the infectious process, different sets of virulence genes are expressed in response to different environmental cues (193) . Studies have demonstrated that environmental factors can influence gene/protein expression and consequently the behavior of some oral species commonly associated with abscesses, including P. gingivalis, F. nucleatum, P. intermedia, and treponemes (194) (195) (196) (197) (198) . Changes in the environment, induced by the physiology of the microbial community itself (interactions and arrival of latecomers), by treatment procedures (imbalance), or by the host (hormonal changes, disease modifiers, etc.), may create conditions conducive to the turning on of virulence genes, enhancing the collective pathogenicity and leading to emergence of symptoms.
Host Resistance and Disease Modifiers
As aforementioned, although not being the cause of acute inflammation, disease modifiers, such as diabetes, genetic polymorphisms, and herpesvirus infection, may influence the host response to infection and predispose to more severe forms of apical periodontitis. Whether the overlap of any of these disease modifiers with the microbiological factors listed above is required for the development of acute forms of the disease remains to be determined.
TREATMENT OF THE ACUTE APICAL ABSCESS
Treatment of acute apical abscesses involves incision for drainage and root canal treatment or extraction of the involved tooth to remove the source of infection (199, 200) . In some cases, drainage can be obtained through the root canal, but when swelling is present, incision for drainage should also be performed whenever possible, since this approach has been shown to produce a quicker improvement than drainage only by opening of the root canal (200) . Adjunctive systemic antibiotics are not necessary in most cases of localized and uncomplicated apical abscesses (201) (202) (203) (204) (205) . Analgesics may be prescribed for pain control.
The selective occasions when antibiotics are indicated in cases of acute apical abscesses include the following: abscesses associated with systemic involvement, including fever, malaise, and lymphadenopathy; disseminating infections resulting in cellulitis, progressive diffuse swelling, and/or trismus; and abscesses in medically compromised patients who are at increased risk of a secondary (focal) infection following bacteremia.
Therefore, in complicated cases, in addition to prompt and aggressive surgical drainage for treatment (8, 26) , initiation of empirical therapy with antibiotics is highly recommended. If necessary, it can be adjusted according to the results of antibiotic sensitivity tests. The combination of early diagnosis, initiation of empirical antibiotic therapy, and timely surgical intervention can be regarded as the decisive triad for the successful management of complications of acute dental abscesses (26) .
The selection of antibiotics in clinical practice is either empirical or based on the results of microbial susceptibility testing. For diseases with known microbial causes for which the probable microbiota has been established in the literature, empirical therapy may be used. This is especially applicable to acute dental abscesses, because culture-dependent antimicrobial tests of anaerobic bacteria can take too long to provide results about antibiotic susceptibility (around 7 to 14 days). Therefore, it is preferable to opt for an antimicrobial agent whose spectrum of action includes the most commonly detected bacteria.
Most of the bacterial species involved with endodontic infections, including abscesses, are susceptible to penicillins (43, (206) (207) (208) . This makes these drugs the first choice for treatment of endodontic infections when allergy of the patient to penicillin has been ruled out. Penicillin V or amoxicillin has been commonly prescribed. Since the use of antibiotics is restricted to severe and complicated abscess infections, it seems prudent to use amoxicillin, a semisynthetic penicillin with a broader spectrum of antimicrobial activity than penicillin V. In addition, amoxicillin may provide more rapid improvement in pain or swelling, and patient compliance with the prescribed regimen may be better because of the longer dosage interval of amoxicillin (209) . In even more serious cases, including life-threatening conditions, association of amoxicillin with either clavulanic acid or metronidazole may be required to achieve optimum antimicrobial effects as a result of the spectrum of action being extended to include penicillin-resistant strains (208, 210) . A randomized clinical trial (199) compared the efficacy of adjunct therapy with amoxicillin-clavulanic acid to that with penicillin V in the treatment of acute apical abscess following surgical drainage and either tooth extraction or root canal intervention and reported that, even though symptoms improved in all patients, those receiving amoxicillin-clavulanic acid recorded a significantly greater decrease in symptoms during the second and third days. Another study (211) observed less swelling in patients in the amoxicillin group than in patients taking penicillin.
Clindamycin has strong antimicrobial activity against oral anaerobes (96, 208, 212) and has been shown to produce good clinical results similar to those with penicillin for treatment of acute dental abscesses (213, 214) . However, a higher rate of adverse gastrointestinal effects and diarrhea has been reported in association with clindamycin treatment (214) , leaving this drug as an effective alternative in patients allergic to penicillin or when treatment with amoxicillin resulted in failure.
Moxifloxacin is a fluoroquinolone that has emerged as a potential drug for the treatment of abscesses, given its good antibacterial activity against Gram-positive and Gram-negative aerobic and anaerobic bacteria isolated from odontogenic infections (215) . A clinical trial showed that moxifloxacin resulted in significantly better pain reduction and overall clinical response than clindamycin for patients with dental abscesses (216) .
Emerging resistance to commonly used antibiotics has been reported for bacteria found in dental abscesses. A systematic review revealed that the overall results of laboratory studies indicate that no single antibiotic is effective in vitro against all species found in dental abscesses (209) . Prevotella species have been regarded as prominent sources of resistance to beta-lactam agents in the oral cavity due to production of beta-lactamase (98, (217) (218) (219) (220) . Kuriyama et al. (221) revealed that beta-lactamase was detected in 36% of the dark-pigmented Prevotella and 32% of the nonpigmented Prevotella species isolated from pus samples of oral abscesses. Other enzyme-producing oral anaerobic species include strains of the Gram-negative bacteria F. nucleatum, E. corrodens, and T. forsythia and the Gram-positive bacteria P. acnes, Actinomyces species, and Peptostreptococcus species (98, (217) (218) (219) (221) (222) (223) . Bacteria that produce beta-lactamases not only may protect themselves from penicillins but also can protect other penicillinsusceptible bacteria present in a mixed community by releasing free beta-lactamase into the environment (224) .
Susceptibility of Prevotella strains to several cephalosporins, erythromycin, and azithromycin has been found to correlate with amoxicillin susceptibility; i.e., amoxicillin-resistant strains can be similarly resistant to these other antibiotics (208) . Moreover, macrolides (erythromycin and azithromycin) have presented decreased activity against Fusobacterium and nonpigmented Prevotella species (40, 208, 221) . Therefore, it seems to be of little value to use oral cephalosporins and macrolides for management of dental abscesses as an alternative to amoxicillin.
FUTURE DIRECTIONS
There are many microbial and host-related aspects that need to be elucidated to refine and expand the knowledge of the etiology of acute apical abscesses and therefore contribute to enhancing preventive and therapeutic measures for this morbid and sometimes life-threatening condition. This article places endodontic abscesses into a context of complex etiology, with many aspects still remaining to be unearthed.
Evidence is growing that, like in other polymicrobial infections, the community is the unit of pathogenicity in apical periodontitis, including its most severe forms. Endodontic microbial communities are composed of several different species, which interact one with the other to give rise to disease. The fact that there is no single pathogen to blame for acute abscesses does not preclude the possibility of some species playing an important role in influencing the development of symptoms. Like a team, the bacterial community may have specific players that can be decisive in making it more aggressive (virulent). If this is proven true, it remains to be clarified which are the key species in making a community be more virulent. It is probable that there are not only one but several species in each community that contribute to increasing the community aggressiveness. What key species do and produce to cause acute infections should be elucidated. Techniques with potential to shed light on this issue include proteomic and transcriptomic analyses of samples from abscesses and asymptomatic infections as well as experimental infection models using mixed consortia of known species.
It would be interesting to evaluate whether the clonal types of the same species found in both acute abscesses and asymptomatic dental root canal infections are really different and whether this difference translates into increased virulence in the ones found in abscesses. Also, it is important to use quantitative diagnostic techniques to compare the total bacterial loads in symptomatic and asymptomatic infections. Comparative quantitative analysis of species suspected to participate in acute infections, such as F. nucleatum, P. micra, Porphyromonas species, Prevotella species, and streptococci of the S. anginosus group, is also important. There is also a need to look for some potential pathogens in the as-yetuncultivated portion of the abscess microbiota.
How the bacterial species interact in the multispecies community is another focus of future research. Different partnerships and associations between community members may influence the development of symptoms. Some bacterial associations can result in a more virulent multispecies community, therefore giving rise to acute periradicular inflammation. Knowledge of the species involved, as well as the nature and outcome of their associations, needs to be expanded. How the environment changed by disease contributes to such an increased community virulence and how the clinician may interfere with the whole process are other areas that need further consideration.
Whether more-virulent communities develop right from the beginning of the infection process or are a result of a shift in the community composition due to environmental changes remains to be determined. It is difficult or even impossible to look for this answer in longitudinal studies in humans, because of obvious ethical reasons, but animal studies using combined histopathological and microbiological approaches might help clarify this issue.
Virtually all community profiling studies demonstrate a high interindividual variation in the bacterial community composition. This implies that treatment either should target the broad spectrum of species involved (nonspecific) or should be personalized for the individual (specific). Personalized treatment is a tendency in medicine and exploits information on each person's unique clinical, genetic, and environmental aspects, not only to predict disease risk but also to devise customized interventions and improve treatment outcome (225, 226) . In the future, personalized management of acute abscesses may be related to identifying bacterial or host-related biomarkers of disease progression and using this knowledge to establish tailored strategies to properly prevent or mitigate complicated infections. Personalized treatment in the case of acute apical abscesses might also be related to adjunct antimicrobial therapy dictated by microbiological findings. Acute abscesses may progress to life-threatening complications, and, as a consequence, rapid microbiological identification results should be valuable for proper management. Antibiotics are usually prescribed based on the empirical knowledge of endodontic infections. However, patients with abscesses rapidly disseminating to facial and/or neck anatomic spaces may benefit from rapid molecular diagnosis of the bacteria involved in the abscess/ cellulitis as well as of antibiotic resistance genes, allowing clinicians to manage this infectious condition proactively. It has been envisioned that in the near future the pyrosequencing technology may be routinely used for effective and rapid microbiological diagnosis of polymicrobial infections and the prediction of antibiotic susceptibility (94, 227) .
Fast, accurate, and highly sensitive molecular assays can provide microbial diagnostic results in a matter of minutes to a few hours. Using these methods to rapidly detect the presence of antibiotic resistance genes in a sample seems to be an attractive way of guiding antibiotic treatment. Although the presence of a resistance gene in a sample does not necessarily imply phenotypic resistance, its absence does imply a lack of resistance through that particular genetic mechanism (228) . The potential exists for molecular methods, such as a multiplex PCR approach or DNA microarray technology, to simultaneously identify the presence of multiple resistance genes in just a few hours (93) . Alternatively to the detection of resistance genes, a universal 16S rRNA gene-and rpoB-based real-time quantitative PCR assay for susceptibility testing of bacteria has been devised to decrease the time needed for antimicrobial testing results (229) .
Given the network of interactions in polymicrobial infections, it is highly likely that not all species in the consortium need to be targeted with antibiotic therapy. However, it remains to be determined which species should be targeted; this might include the most pathogenic species, the most dominant species or even the most important keystone species for the community ecology, considering that an imbalance might lead to catastrophic effects for community survival. These aspects should be the focus of future research, as this piece of information will favor proper analysis of data from microbial diagnostic techniques and permit rapid, proactive, and effective therapeutic intervention.
Interindividual differences in the abscess microbiota are even more pronounced when individuals from different countries are evaluated (160) . It remains to be elucidated whether the observed differences in bacterial community profiles influence the outcome of standard local and systemic therapeutic procedures. For instance, a drug shown to be effective against pathogens identified in a given location will not necessarily be effective to treat the same infection in another location, given the differences in the composition of the polymicrobial community. Adding complexity to this issue, geographical differences in the antibiotic susceptibility profiles of oral bacterial isolates have been reported (223) .
The host side of the history has not been subject of great scrutiny. It remains to be determined whether transient (e.g., stress, active herpesvirus infection, malnutrition, or use of corticosteroids) or permanent (e.g., genetic polymorphism, diabetes, or HIV infection) systemic conditions may predispose to exacerbations and abscess complications. If this is proven so, the next focus of future research is to evaluate how the clinician can target specific host processes to effectively treat patients and prevent or minimize potential sequelae of acute apical abscesses.
